Biocompatible piezoelectric materials are becoming increasingly important for actuators and sensors in medical devices. In this study, we examined the possibility of five perovskite-type silicon oxides MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 and CaSiO 3 , which have been found from the stable combinations of biocompatible elements in our previous studies, by employing first-principles DFT. At first, the stable cubic structure and the phonon properties were analyzed for the paraelectric non-polar phase. After the promising silicon oxides were distinguished with the phonon eigenfrequency and eigenvector in consideration of the structural phase transition, their characteristics of stable tetragonal structure were then analyzed for the ferroelectric phase. Computations indicated that MgSiO 3 has superiority on the phase transition from cubic structure to tetragonal one. Additionally, tetragonal MgSiO 3 has a large spontaneous polarization and it can exhibit a good piezoelectric response.
Introduction
Nowadays, piezoelectric materials are becoming increasingly important for actuators and sensors in medical devices such as health monitoring systems and drag delivery systems. Actuators and sensors for medical devices require not only high piezoelectricity but also good biocompatibility because their constituent elements may dissolve into body fluid and attack in-vivo molecules. Perovskite-type compounds, that are represented by lead zirconium titanate ( PZT : Pb(Zr, Ti)O 3 ) ceramics with the highest piezoelectricity, have been used for actuators and sensors as a component of various electrical and mechanical devices including micro/nano machines (1) . However, PZT piezoelectric ceramics include the hazardous lead ( Pb ). WEEE (Waste Electrical and Electronic Equipment) (2) and RoHS (Restriction on Hazardous Substances) (3) were approved in Europe, and the use of hazardous substances was heavily restricted. Consequently, lead-free piezoelectric materials such as bismuth layer-structured ferroelectrics ( SrBi 2 Ta 2 O 9 ) (4) and potassium niobate ( KNbO 3 ) (5) are researched energetically. There is however incomplete understanding of their biocompatibility since they are aimed for the application to conventional electrical and electronic equipments except medical devices. Furthermore, the hitherto material study is focused on improvement of existing lead-free materials or substitution of lead in PZT with other elements, it is lacking in systematic research on a new material.
In our previous studies (6) , (7) , we have derived new piezoelectric materials with biocompatibility on basis of first-principles calculation. Firstly, constituent elements of biocompatible piezoelectric materials have been specified by HSAB ( Hard Soft Acids and Bases ) principle (8) (9) (10) from the viewpoint of interaction energy with in-vivo molecules. We aimed at perovskite-type crystal structure expressed with a chemical formula ABX 3 , which shows good piezoelectric response. While biocompatible elements were employed for A and B, oxygen was applied to X. The combination of biocompatible elements was then selected to satisfy geometric stable condition defined by tolerance factor. As a result, we have discovered five silicon oxides, six germanium oxides, six molybdenum oxides, six titanium oxides and six zirconium oxides. However, their characteristics, which are stable crystal structures and material properties, have been yet unknown. Although it is necessary to examine them computationally before the fabrication of new piezoelectric materials, the computations of new materials have two remarkable difficulties. One is that the detail computations of all new materials require a huge cost. An accurate extraction of the promising targets based on the scientific knowledge is needed for the systematic research of new materials. The other is that there is no experimental data to generate the computational models for new materials. In case of perovskite-type oxides, the non-symmetric tetragonal structure, which is important for the piezoelectricity, is especially difficult to be estimated computationally because it has a lot of structural parameters with a strong dependence on the initial atomic coordinates.
In this paper, we present a computational approach based on first-principles DFT ( Density Functional Theory ) for the systematic research of new biocompatible piezoelectric materials. Computations were demonstrated with an application to five silicon oxides MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 and CaSiO 3 , and we examined the possibility that they will become available piezoelectric materials. Firstly, the stable cubic structure and the phonon properties were analyzed for the paraelectric non-polar phase. The promising targets were distinguished with the phonon eigenfrequency and eigenvector in consideration of structural phase transition. Then, their stable crystal structures of non-symmetric tetragonal were estimated by employing the eigenvector components to the initial atomic coordinates. Finally, the characteristics of tetragonal structure at ferroelectric phase were presented for the pinpoint target of new biocompatible piezoelectric materials.
Technical Details of Calculations
The first principles DFT was employed to calculate the stable crystal structures and properties of the perovskite-type compounds. We used the ultrasoft-pseudopotential method within the local density approximation (LDA) for the exchange and correlation interactions between electrons. A plane-wave cutoff energy was set to 500 eV, and Monkhorst-Pack k-point grid 8×8×8 was used for all crystal structures. Three-dimensional periodic boundary conditions were taken into account. All computations were performed using CASTEP (CAmbridge Serial Total Energy Package) code (11) released by Accelrys Software
Inc. The perovskite-type compounds ABX 3 provide well-known examples of displacive phase transitions. They are in a paraelectric non-polar phase at high temperature and have a cubic crystal structure ( lattice constant a = c ) as shown in Fig.1 (a) . The cubic crystal structure consists of A cations in the large eightfold coordinated site, B cations in the octahedrally coordinated site, and X anions at equipoint. The stability of cubic crystal structure can be estimated by an essential geometric condition, tolerance factor t. If ion radiuses of A, B and X are represented with r A , r B , r X , tolerance factor t can be described as
When tolerance factor t consists in the range from 0.75 to 1.10, the perovskite-type crystal structure has high stability. The cubic crystal structure often distorts to ferroelectric phase of lower symmetry at decreased temperature, which is a tetragonal crystal structure ( a > c ) with spontaneous polarization and strain as shown in Fig.1 (b) . These ferroelectric distortions are caused by a soft-mode of phonon vibration in cubic crystal structure, and it brings to good piezoelectricity. The soft-mode can be distinguished from other phonon vibration modes with negative eigenfrequency, and the transitional crystal structure depends strongly on the eigenvectors. Consequently, new biocompatible piezoelectric materials were searched according to the flowchart in Fig.2 . Firstly, biocompatible elements were inputted to A and B cations while halogens and chalcogens were set to X anion for the perovskite-type compounds. The combination of three elements was determined to satisfy the stable condition of the tolerance factor. The stable cubic structure of perovskite-type oxides was then calculated to minimize the total energy. Next, the phonon vibration in the stable cubic structure was analyzed to catch the soft-mode which causes a phase transition from the paraelectric non-polar phase (cubic structure) to the ferroelectric phase (tetragonal structure). When the eigenfrequency of phonon vibration was positive, it was considered that the cubic structure is the most stable phase and does not change to other phase. On the other hand, in case that the eigenfrequency was negative, the cubic structure was guessed to be an unstable phase and change to other phase corresponding to the soft-mode. Additionally, if all eigenvectors of constituent atoms were parallel to c direction in crystallographic coordinate system, it was supposed to change from cubic to tetragonal structure. If not, it was supposed to transit to other structures except tetragonal one. On the base of phonon properties, the stable tetragonal structure with minimum total energy was searched using the eigenvector components for the initial atomic coordinates. Finally, the spontaneous polarization of the stable tetragonal structure was estimated by the following equation.
where e is the elementary electric charge. a m and Ω mean the lattice constant and the volume of crystal unit cell, respectively. Z * mm is Born effective charge and u m is the internal atomic displacement vector compared with internal coordinates in the cubic structure. k is the index of atoms and it takes A, B, X ① , X ② and X ③ . Furthermore, the piezoelectric stress constant was calculated by the following equation.
The mechanical strains ε 11 , ε 33 and ε 31 were individually applied to the tetragonal structure, and the independent components of piezoelectric stress constant such as e 311 , e 333 and e 131 were estimated.
Results and discussion
The biocompatible elements (Ca, Cr, Cu, Fe, Ge, Mg, Mn, Mo, Na, Ni, Sn, V, Zn, Si, Ta, Ti, Zr Li, Ba, K, Au, Rb, In), which have been specified by HSAB principle in our previous studies (6) , (7) , were inputted to A cation in the perovskite-type compound ABX 3 .
Silicon (Si), which is one of well-known biocompatible elements, was employed for B cation. Oxygen (O) was applied to X anion because oxides are easy to fabricate. The values of tolerance factor were calculated on the base of Pauling ionic radius. As a result, five silicon oxides (MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 , CaSiO 3 ) satisfied the stable geometric condition. The stable cubic structure to minimize the total energy was computed for the five silicon oxides. As the cubic structure has a high symmetry, the stable crystal structure was easy to estimate with little dependence on the initial atomic coordinates. Table 1 shows the lattice constants obtained by the first-principles DFT. And then, the phonon properties of cubic structure at paraelectric non-polar phase were analyzed to consider phase transition to other crystal structures. Table 2 summarizes the eigenfrequency, the illustration of atomic vibration and the eigenvector components normalized to unity. MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 have negative values of eigenfrequency. The cubic structure of these four oxides becomes unstable owing to softening atomic vibration, and it leads to phase transition to other crystal structure. On the other hand, as CaSiO 3 has a positive value of eigenfrequency, it is stable and keeps the cubic structure without phase transition. In order to verify the above consideration, the total energy was investigated in case that the cubic structure is distorted under keeping the soft-mode. Atomic internal coordinates of the distorted crystal structure were assumed to change linearly on the base of the eigenvector. Figure 3 shows the variation of total energy according to the distortion of crystal structure. The vertical axis indicates the variation of total energy normalized by total energy of the stable cubic structure. The horizontal axis means the atomic displacement along the eigenvector dimensionalized with lattice constant. For example, it means that crystal structure has the distortion corresponding to 10 percentage of the dimensionalized eigenvector if the horizontal value is 0.1. In case of MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 , the total energy of the distorted crystal structure decreases with the atomic displacement corresponding to the soft-mode. This calculation indicates that there are other stable structures if the cubic symmetry is lost. However, the total energy of CaSiO 3 increases as the atomic displacement becomes larger. Consequently, CaSiO 3 has no stable structure except cubic structure. As the cubic structure is a paraelectric non-polar phase, CaSiO 3 does not exhibit the piezoelectric effect. Next, we focused on the phonon vibration mode of MgSiO 3 , MnSiO 3 , FeSiO 3 and ZnSiO 3 in Table 2 . All eigenvectors of MgSiO 3 , MnSiO 3 and FeSiO 3 are almost parallel to c axis in crystallographic coordinate system. These three oxides have a high possibility to change from cubic structure to tetragonal structure which shows superior piezoelectricity. The eigenvector of O ① and O ② in ZnSiO 3 , however, includes a component perpendicular to c axis. It is considered that ZnSiO 3 changes from cubic structure to other structures consisting of a rotated SiO 6 -octahedron, such as the orthorhombic structure with inferior piezoelectricity. The stable tetragonal structure to minimize the total energy was computed for the above three oxides MgSiO 3 , MnSiO 3 and FeSiO 3 which have the soft-mode corresponding to tetragonal structure. Table 3 shows the lattice parameters and the internal coordinates of constituent atoms. The computations presented the stable non-symmetric tetragonal structure with lower total energy than one of the stable cubic structure. In comparison of the aspect ratio (tetragonality) among the three oxides, the value of MgSiO 3 is larger while MnSiO 3 and FeSiO 3 are smaller than one. As the tetragonal structure of typical perovskite-type oxides such as BaTiO 3 and PbTiO 3 has larger tetragonality than one, the tetragonal structure of MnSiO 3 and FeSiO 3 has no realities. The above chain of computations indicates that MgSiO 3 is a remarkable target for new biocompatible 
piezoelectric materials. The spontaneous polarization and piezoelectric stress constants e 311 , e 333 and e 131 were estimated for the tetragonal structure of MgSiO 3 . Table 4 shows Born effective charge, and Table 5 summarizes the calculational results of spontaneous polarization and piezoelectric stress constants e 311 , e 333 and e 131 in comparison with the calculational and experimental Fig.3 The relation between the variation of total energy and atomic displacement for MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 and CaSiO 3 perovskites. Table 3 The lattice parameters and the internal coordinates of constituent atoms for tetragonal structure of MgSiO 3 , MnSiO 3 and FeSiO 3 perovskites. 
Conclusion
A computational scheme based on first-principles DFT was proposed for the systematic research of new biocompatible piezoelectric materials. The proposed computations were demonstrated with the application to five perovskite-type silicon oxides MgSiO 3 , MnSiO 3 , FeSiO 3 , ZnSiO 3 and CaSiO 3 . The stable structure and phonon properties of cubic structure were analyzed in consideration of structural phase transition. Additionally, the stable structure and piezoelectric properties of tetragonal structure were computed using the phonon eigenvector to initial atomic coordinates, and then the following results were obtained.
1. CaSiO 3 has a positive value of eigenfrequency and it keeps the cubic structure without phase transition to the tetragonal structure with superior piezoelectricity. 2. ZnSiO 3 has eigenvector components perpendicular to c axis. As ZnSiO 3 changes to other structures consisting of the rotated SiO 6 -octahedron, its piezoelectricity is inferior. 3. The tetragonal structure of MnSiO 3 and FeSiO 3 has smaller tetragonality than one.
They can't exhibit superior piezoelectricity. 4. MgSiO 3 has a large spontaneous polarization and it can present good piezoelectric stress constants. The future work is the development of the computational scheme to the perovskite-type alloys A(B,C)X 3 or (A,B)CX 3 to derive the excellent piezoelectricity of new biocompatible materials. 
